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We report results from the multiv ariate lik elihood function search for single-top production with
CDF I I data corresponding to 2.2 fb¡ 1 of integrated luminosit y. Our expected median p-value is
3:4¾, while the measured p-value is a 2:0¾ excessover the Standard Model background (assuming
M top =175 GeV). The best-¯t value for the combined s+ t-channel production of single-top quarks
assuming the Standard Model ratio of their production crosssections is ¾s + ¾t = 1:8+0 :9

¡ 0:8 pb.
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I. INTR ODUCTION

According to the Standard Model, in p¹p collisions at the Tevatron top quarks can be created in pairs via the
strong force, or singly via the electroweak interaction. The latter production mode is referred to as \single-top-quark"
production and takes place mainly through the s¡ or t¡ channel exchange of a W boson (Figure 1). Both the
CDF and DÂ collaborations have reported single-top results using

p
s = 1:96 with approx. 1fb¡ 1 of data, and the

DÂ collaboration has published 3¾evidencefor single-top[13, 14].
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FIG. 1: Representativ e Feynman diagrams for single-top-quark production at the Tevatron: s-channel W * (left) and t-channel
W -gluon fusion (righ t).

Studying single-top production at hadron colliders is important for a number of reasons.First, it provides a direct
window into measuring the CKM matrix element jVtb j2, which is closely tied to the number of quark generations.
Second,measuring the spin polarization of single-top quarks can be used to test the V-A structure of the top weak
charged current interaction. Third, single-top events represent an irreducible background to several searches for SM
or non-SM signals, for example Higgs bosonsearches. Fourth and last, the presenceof various new SM and non-SM
phenomenamay be inferred by observing deviations from the predicted rate of the single-top signal.

The theoretical single-top production cross section is ¾s+ t = 2:9 pb for a top mass of 175 GeV/ c2 [3]. Despite
this small rate, the main obstacle in ¯nding single-top is in fact the large associated background. After all section
requirements are imposed, the signal to background ratio is close to 1/15, and the systematic uncertainties on the
background are on the order of 20%This challenging, background-dominated dataset is the main motivation for using
multiv ariate techniques. The following sectionspresent the event selection,the signal and background estimations, an
extendedb-tagger and a kinematic solver usedto improve signal identi¯cation, the statistical techniques,the expected
and observed single-top crosssection results, and a brief summary of theseresults.

I I. SELECTION REQUIREMENTS

Our selectionexploits the kinematic featuresof the signal ¯nal state, which contains a top quark, a bottom quark,
and possibly additional light quark jets. To reduce multijet backgrounds, the W originating from the top quark is
required to have decayed leptonically. We demand therefore a high-energy electron or muon (ET (e) > 20 GeV, or
PT (¹ ) > 20 GeV/ c) and large missing energy from the undetected neutrino 6ET > 25 GeV (using jets corrected to the
hadron level). We reject dilepton events from t¹t and Z decays, by requiring the dilepton massto be outside the range:
76 GeV/ c2 < M `` < 106 GeV/ c2. The backgrounds surviving these selectionscan be classi¯ed as \non-top" and
t¹t. The non-top backgrounds are: W b¹b, W c¹c, W c, mistags (light quarks misidenti¯ed as heavy °avor jets), non-W
(events wherea jet is erroneouslyidenti¯ed asa lepton), and dibosonW W , W Z , and Z Z . We remove a large fraction
of the non-top and t¹t backgrounds by demanding exactly two \tigh t" jets with ET > 20 GeV (corrected to hadron
level) and j´ j < 2:8 be present in the event. At least one of the two tight jets should be tagged as a b-quark jet
by using displaced vertex information from the silicon vertex detector (SVX). The non-W content of the selected
dataset is further reducedby imposing a set of requirements on i ) transversemassof the reconstructed W boson, ii )
the 6ET signi¯cance (electron events only), and iii ) the angle betweenthe 6ET vector and the transversemomentum
vector of the leading jets (electron events only).
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TABLE I: Background estimates used in this analysis, along with the observed total (last row). The systematic uncertainties
on these predictions, as used in the interpretation of the results, are given in Tables I I,I I I and IV.

Process 2-jet Prediction 3-jet Prediction
t-chan 52:0 § 7:6 15:1 § 2:2
s-chan 34:0 § 4:8 10:9 § 1:6
t ¹t(` + jets) 76:9 § 11:0 232:2 § 33:1
t ¹t dilepton 39:1 § 5:6 32:2 § 4:6
W b¹b 425:9 § 128:4 124:3 § 37:5
W c(¹c) 366:2 § 112:9 95:2 § 29:3
W +LF 309:5 § 51:5 89:5 § 15:1
Z +jets 20:0 § 3:0 7:7 § 1:1
W W 37:4 § 4:1 12:7 § 1:4
W Z 17:7 § 1:4 5:0 § 0:4
Z Z 0:5 § 0:0 0:2 § 0:0
non-W 57:1 § 22:8 20:9 § 8:4
Total 1436.1 § 248.5 645.9 § 78.1
Observ ed 1396 591

I I I. SIGNAL AND BA CK GR OUND ESTIMA TIONS

We require rate and kinematic shape predictions for each background sourceseparately with minimal systematic
uncertainty in order to test for single top quark production. For somebackground sources,we are able to use the
observed data to constrain their rates and test their shapes, using carefully constructed control samples. Other
backgrounds must be estimated with Monte Carlo predictions scaled to theoretical calculations. The t ¹t, diboson
(W W , W Z and Z Z ) contributions, and Z ! `` are estimated from theoretical predictions. The samecan be said
about signal estimations.

The background processesfor which we can use CDF data to constrain rates and shapes are: W +heavy °avor
(W b¹b, W c¹c, W c), mistags, and non-W events. Their contributions are obtained using a similar method with that
employed in Ref [4], with a few di®erences.One di®erenceis the larger ´ range for the jet de¯nition (j´ j < 2:8) used
in this search. The other di®erenceis that a scalefactor for the heavy °avor fraction is used,calculated using taged
W+1 jet data.

The expected and observed event yields corresponding to the 2.2 fb¡ 1 dataset are given in Table I, for both
Monte-Carlo basedand data based-background estimates.

IV. SPECIAL EVENT VARIABLES

A. ANN extended B -tagger

An Arti¯cial Neural Network (ANN) [5] was developed to increasethe b-quark purit y of the sampleselectedby the
standard b¡ tagging algorithm. The latter is basedon measuring displaced (secondary) vertices, and in addition to
b-jets it also selectsa signi¯cant fraction of c¡ and light °avor jets (as much as 50%). The extended(ANN) tagger is
applied to jets selectedby the standard b-tagger, and exploits mainly the long lifetime (1.6 ps) of b-hadrons. Other
features used by the ANN are the high b-quark mass, the high decay multiplicit y, and the decay into leptons. For
illustration, Fig. 2 shows good shape agreement betweenthe ANN output distributions for the W + 2 jet data and a
sum of the individual background components normalized to data.

B. Kinematic Solv er

We can use the measuredmomenta of the ¯nal state particles to reconstruct the W boson and the top quark,
and constrain the reconstructed massesM `º and M `º b to 80.4 GeV and 175 GeV, respectively. The constraint of
the event kinematics to theseknown massesimprovesthe reconstruction of signal events, worsensthe reconstruction
of background events, and aids in the separation of the single-top signal from the background. The widths of the
top quark and W bosonmassdistributions at the parton level are of the order of 2 GeV. At reconstructed level the
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FIG. 2: The ANN tagger output distributions for the CDF W +2 jets events (points) compared to the Monte Carlo expectations.

measurement uncertainties are much larger, of the order of 20-40GeV for M `º b, if one were to usethe reconstructed
values in the t and s channels, respectively.

The kinematic constraints' use is twofold. First, the Â2, which is constructed out of the di®erencebetween the
measured jet energies,anglesand 6ET and those required by the kinematic constraints, can be used instead of the
reconstructed M `º b as a variable which helps separatesignals from backgrounds. The seconduse of the kinematic
constraints is to ensurethat the input to the matrix element calculation has four-vectorswhich correspond to on-shell
W bosonsand top quarks.

An inventory of the constraints usedis as follows:

² The lepton momentum vector is constrained to its measuredvalue.

² The pT of the top quark is constrained to its measuredvalue.

² The direction and massof the b jet from top decay are constrained to their measuredvalues.

² M `º is constrained to 80.4 GeV, resulting in a second-degreeequation with two neutrino pz solutions.

² M `º b is constrained to 175 GeV.

Theseconstraints are su±cient to solve for the energy of the b jet from top decay, with no regard to its measured
value. The ambiguit y choices{ two possibleassignments of the b-jet from top decay, and two neutrino pz solutions
(usually), meansthat the kinematic interpretation must be done four times.

The output from the kinematic solver is a setof neutrino and b-jet four-vector solutions, which areusedto reconstruct
kinematic variables. Also provided is the Â2 output mentioned above, which indicates how far from the measured
values of the b-jet energy and the 6ET the solver found its solutions. If the wrong choice of b-jet from top is made,
then the Â2 is typically worsethan if the correct choice is made, and thus the Â2 variable can be usedto select the b
jet in events in which the choice is ambiguous. The Â2 de¯nition is

Â2 =
(E solved

b ¡ E meas
b )2

¾2
b

+
(M `º b ¡ 175GeV)2

¾2
m t

+
(¢ 6ET )2

¾2
6E T

; (1)

where ¾b is taken to be 9 GeV, ¾m t is taken to be 1 GeV, and ¾6E T is taken to be 11 GeV.
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V. LIKELIHOOD FUNCTION TECHNIQUE

No singlevariable encodesall conceivable signal-background separation,and soa likelihood function [6] is proposed
to combine several variables together into a discriminant which can be usedto compute limits or to discover a signal.

The likelihood function L is constructedby ¯rst forming histogramsof each variable (n i bins per variable), separately
for the signal distributions and for several background distributions, denoted f ij k for bin j of variable i for the event
class k. For the signal, k = 1, and in this note, four background classesare considered: W b¹b, t¹t, W c¹c=Wc, and
mistags, which are event classes2, 3, 4 and 5. Thesehistograms are normalized such that

P n i
j =1 f ij k = 1 for all i and

all k. The likelihood function for an event is computed by evaluating in which bin j i in which the event falls in the
distribution of variable i , and computing

pik =
f ij i k

P 5
m =1 f ij i m

; (2)

which is usedto compute

L k (f x i g) =
Q n v ar

i =1 pik
P 5

m =1

Q n v ar
i =1 pik

: (3)

The signal likelihood function is the one which corresponds to the signal classof events, L 1.
Two likelihood functions are computed ¡ L t using the t-channel single-top signal in the signal referencehistograms,

and L s using the s-channel single-top signal in the signal referencehistograms. Plots of all input variables can be
found on the Likelihood Function search public page[15].

A. t-channel Lik eliho od Function, 2 jet bin

The 2-jet bin t-channel likelihood function, L t , usesseven variables, and assumesthe b-tagged jet comesfrom top
decay. For doubly-tagged events, we set L t = 0. The 2-jet bin t-channel likelihood function usesthe following seven
variables:

{ HT , the scalarsum of the transverseenergiesof the two tight jets, the lepton, and the missingtransverseenergy.

{ Q £ ´ , the charge of the lepton times the pseudorapidity of the tight jet which is not b-tagged.

{ Â2
t , output from the kinematic solver for the t-channel combination described above.

{ cosµt ¡ chan , the cosineof the angle betweenthe lepton and the untagged tight jet in the top decay frame.

{ M j j , the invariant massof the two tight jets.

{ log(ME t ¡ chan ), the logarithm of the MADGRAPH matrix element computed using the constrained four-vectors of
the b, the ` and the º .

{ ANN b-tag output.

B. t-channel Lik eliho od Function, 3 jet bin

The 3-jet bin t-channel likelihood function, L t , usesten input variables. The algorithm used to select the b from
top decay is as follows. If there is exactly oneb-tagged jet in the event, it is usedas the b from top decay. In events in
which there are two or more tagged jets, only the leading two b-tagged jets are considered. The jet with the highest
combination of ¡ logÂ2 + 0:005Pt is chosen,where Â2 is the smaller of the two kinematic solver Â2 outputs, one for
each pz solution of the neutrino, for combinations using that jet as the b from top decay. This algorithm assignsthe
correct jet to be the b from top decay approximately 75%of the time. The 3-jet bin t-channel likelihood function uses
the following ten variables:

{ M `º b

{ ANN b-tag output

{ The number of b-tagged jets
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{ q £ ´

{ The smallest ¢ R of any two jets

{ M j j of the two jets not chosento be the b from top decay

{ cosµt ¡ chan

{ pT of the lowest-ET jet

{ ´ of the reconstructed W boson

{ pT of the jet chosento be the b from top decay

VI. SYSTEMA TIC UNCER TAINTIES

Systematic variations in the rates and shapes of the likelihood distributions are consideredfor the signals and
backgrounds in the sample. Systematic uncertainties contributing to the shape uncertainties are the jet energy
scale (JES), initial state radiation (ISR) and ¯nal state radiation (FSR) variations, variations in the NN b-tag
output distributions, variations in the °avor composition of the non-W sample, and variation in the Q2 scale in
ALPGEN. Shape uncertainties are also assessedfor the mismodeling of the ¢ R j j and ´ j 2 distributions, seenin the
taggable-but-not-tagged samples. In the 3-jet bin,the ¢ R j j reweighted was not found to be needed. These same
uncertainties contribute to the rate uncertainties, and additional contributions come from the uncertainty in the
integrated luminosity, the parton distribution function used, the b-tag scale factor, the t ¹t cross section prediction,
and uncertainties propagated from the data-basedbackground estimates. TablesI I, I I I, IV V enumerate the relative
rate errors on the backgrounds usedin the limit calculations.

TABLE I I: Fractional systematic rate uncertainties for the 2-jet 1 tag bin, in percent

Source t -channel s-channel single-top t ¹t
ISR less/more 2.8/-0.2 0.3/6.7 1.9/2.1 -2.6/-7.1
FSR less/more 4.2/-1.3 5.9/0.4 4.8/-0.7 -5.1/-2.6
PDF 3.4/-3.4 2.2/-2.2 3.0/-3.0 1.8/-1.8
MC 2.0/-2.0 1.0/-1.0 1.7/-1.7 -2.7/2.7
² ev t 4.2/-4.2 2.3/-2.3 3.6/-3.6 2.9/-2.9
Luminosit y 6.0/-6.0 6.0/-6.0 6.0/-6.0 6.0/-6.0
Cross section 12.6/-12.6 12.4/-12.4 12.6/-12.6 12.4/-12.4
M top 170/180 1.3/-0.8 2.4/-1.7 1.7/-1.1 -3.1/1.4

Dib oson Z+jets
² ev t 7.6/-7.6 8.3/-8.3
Luminosit y 6.0/-6.0 6.0/-6.0
Cross Section 1.9/-1.9 10.8/-10.8

TABLE I I I: Fractional systematic rate uncertainties for the 3-jet 1 tag bin, in percent

Source t -channel s-channel single-top t ¹t
ISR less/more -6.8/-0.0 2.4/-12.6 -3.3/-4.8 -0.6/-4.6
FSR less/more -1.5/-3.1 -6.0/-4.8 -3.3/-3.8 -3.4/-2.2
PDF 2.7/-2.7 2.3/-2.3 2.6/-2.6 1.8/-1.8
MC 1.9/-1.9 1.5/-1.5 1.7/-1.7 -1.7/1.7
² ev t 3,5/-3.5 2.3/-2.3 3.0/-3.0 2.3/-2.3
Luminosit y 6.0/-6.0 6.0/-6.0 6.0/-6.0 6.0/-6.0
Cross section 12.6/-12.6 12.4/-12.4 12.6/-12.6 12.4/-12.4
M top 170/180 1.5/-2.8 6.0/-2.7 3.2/-2.7 -0.7/0.8

Dib oson Z+jets
² ev t 7.8/-7.8 7.8/-7.8
Luminosit y 6.0/-6.0 6.0/-6.0
Cross Section 1.9/-1.9 10.8/-10.8
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TABLE IV: Fractional Systematic rate uncertainties for 3-jet 2 tag bin, in percent

Source t -channel s-channel single-top t ¹t
ISR less/more 7.8/3.2 4.3/-11.2 5.8/-4.9 -0.5/-6.6
FSR less/more 15.0/1.3 -7.4/-5.0 2.4/-2.2 -3.4/-2.7
PDF 1.5/-1.5 2.1/-2.1 1.9/-1.9 1.7/-1.7
MC 1.9/-1.9 1.5/-1.5 1.7/-1.7 2.0/-2.0
² ev t 9.1/-9.1 8.8/-8.8 8.9/-8.9 9.1/-9.1
Luminosit y 6.0/-6.0 6.0/-6.0 6.0/-6.0 6.0/-6.0
Cross section 12.6/-12.6 12.4/-12.4 12.5/-12.5 12.4/-12.4
M top 170/180 4.2/3.0 1.6/-6.8 2.7/-2.5 -0.6/-1.0
² ev t 10.8/-10.8 11.1/-11.1
Luminosit y 6.0/-6.0 6.0/-6.0
Cross Section 1.9/-1.9 10.8/-10.8

TABLE V: Jet Energy Scaleuncertainties, in percent

pro cess 2jet 1 tag 3jet 1 tag 3jet 2 tag
t -channel -1.1/0.6% -10.4/10.6% -5.7/4.3%
s-channel -0.1-0.6% -8.3/9.4% -7.2/7.4%
t ¹t 9.8/-9.4% 4.6/-5.1% -5.4/5.2%
W c¹c 7.0/-6.9% 8.4/-7.7% 11.0/-12.1%
W b¹b 7.0/-6.9% 8.4/-7.7% 11.0/-12.1%
Z+jets -5.3/5.4% -10.8/14.0% -5.0/5.0%
dib oson -2.7/1.7% -12.4/11.9% -11.0/11.0%

VI I. RESUL TS

We usethe likelihood functions described above to search for single-top quark production. The degreeto which we
have evidencefor single-top production is denoted by a p-value, which is the probabilit y of observingdata at least as
signal-like as what we observed. The data are also used to measurethe single-top production crosssection, using a
Bayesmarginalization technique.

A frequentist approach (except in the handling of the systematic uncertainties) is used to determine the p-value
for single-top production. For p-value calculation the 2-jet and 3-jet distributions, L t 2 and L t 3 were used. The data
are compared with two hypotheses. The null hypothesis, H 0, assumesStandard Model processesexpert single-top
quark production, while the test hypothesis, H 1, assumesall Standard Model processesincluding single-top quark
production. The likelihood ratio is de¯ned as:

¡ 2 ln Q = ¡ 2ln
p(datajH1; µ̂)

p(datajH0; ^̂µ)
; (4)

where µ are the nuisanceparametersdescribing the uncertain valuesof the quantities studied for systematic error, µ̂

are the best-¯t valuesof µ under H 1, and ^̂µ are the best-¯t valuesof the nuisanceparametersunder H 0. In this case,
the 2 -jet and 3-jet results are jointly ¯t. Two sets of pseudoexperiments are performed, one assumingH 1 and the
other assumingH0. On each pseudoexperiment, the valuesof the nuisanceparametersare chosenrandomly basedon
the systematic errors. The distributions of the valuesof ¡ 2 ln Q are shown in Figure 4 for both hypotheses,and for
the data.

The p-value is the probabilit y that ¡ 2 ln Q < ¡ 2ln Qobs, assumingthe null hypothesisH 0. The p-value was found
to be 2:45 £ 10¡ 2, which corresponds to a 2:0¾ excess. The sensitivity of the analysis is computed as the median
expected p-value assuminga signal is truly present. The median ¡ 2 ln Q is extracted from the H 1 distribution, and
the integral of the H0 distribution of ¡ 2 ln Q to the left of this median value is the median expected p-value. The
value thus obtained is 3:5 £ 10¡ 5, corresponding to 3:4¾.

In order to measurethe single-top production crosssection, a Bayesianmarginalization technique is applied to the
t-channel likelihood output histograms in both the 2-jet and 3-jet samples. The Standard Model ratio between ¾s
and ¾t and a °at prior in ¾s + ¾t is assumed.The nuisanceparametersare integrated out asdescribed in [11],[7]. The
distribution of the posterior is shown in Figure 5. The maximum of the posterior is taken to be the best-¯t value,
and the 68% con¯dence interval is taken to be the shortest interval containing 68% of the integral of the posterior
distribution. The resulting crosssection measurment is ¾s + ¾t = 1:8+0 :9

¡ 0:8 pb.
Using the crosssection measurement, we additionally measurejVtb j= 0:78+0 :18

¡ 0:21 § (0:07)(theory), and set a limit of
jVtb j > 0:41 at 95% credibilit y level.
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FIG. 3: The distributions of the t-channel 2-jet (upp er) and 3-jet (lower) lik elihood functions for CDF data compared to the
Monte Carlo distributions normalized to the expected contributions. A linear (logarithmic) scale is used for the left (righ t)
plots.

VI I I. CONCLUSION

We present an analysis of the 2.2 fb¡ 1 dataset in search of single-top-quark events, using a multiv ariate likelihood
function technique, with a likelihood function designedto isolate t-channel signal events, and a separate likelihood
function designedto isolate s-channel signal events. We ¯nd an observed p-value of 2:45£ 10¡ 2, which corresponds
to a 2:0¾excessover the Standard Model backgrounds. The median expectedp-value assumingsingle-top production
occurs at the Standard Model rate, is 3:5 £ 10¡ 5, corresponding to 3:4¾.

The analysisproceedson to a measurement of the single-top production crosssection,assumingthat the branching
ratio B (t ! W b) ¼ 100%, and that M t = 175 GeV. Assuming further that the s-channel and t-channel cross
sections obey their Standard Model theoretically predicted ratio, the single-top cross section is measured to be
¾s + ¾t = 1:8+0 :9

¡ 0:8 pb. The Standard Model prediction for ¾s + ¾t is 2:86+0 :40
¡ 0:33 pb [3] (The theory errors on ¾s and ¾t

have beenadded linearly here, assumingthey are 100%correlated).
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